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FOREWORD

This report is written by Philco WDL in partial fulfillment of
Contract NAS5-9939 for Goddard Space Flight Center.

The program decks for the program described by this report form
another partial fulfillment of Contract NAS5-9939. They have been

delivered previously.
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SUMMARY

A digital computer program for ascertaining the accuracy of lunar

beacon location determination is described. The program simulates tracking

' of a beacon up to 12 Earth-based tracking stations at one time with
capabilities for including the effects of a variety of random and bias
. errors in the determination. Errors are propagated according to the

Schmidt~Kalman filter theory.
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SECTION 1
INTRODUCTION

The use of beacons on the Moon's surface as aids in space navigation
appears likely in the near future. This likelihood raises the question
"How accurately could the location of a lunar beacon be determined by
tracking the beacon from Earth-basedstations?" A tool for answering this
question has been developed--the EBTLB computer program.

The EBTLB (Earth-Based Tracking of a Lunar Beacon) program has been
developed by Philco WDL for Goddard Space Flight Center under Contract
NAS5-9939. 1t was originally planned that the capability of the EBTLB
program would be included as an additional option of the Mark I1I Error
Propagation Program (Reference 1) delivered to Goddard Space Flight Center
by Philco WDL under Contract NAS5-9700. The options of that program were
already so numerous and the size so large that it was decided io make
EBTLB a separate program, since the nature of the problem was different
anyway. The resulting special-purpose program runs rapidly and is small
enough to require no linking (space-sharing) on the IBM 7094 computer.

The rapid development of the EBTLB program was made possible by utilization
of many subroutines and much logic of the Mark II and Patched Conic error

propagation programs.

beHiLco WDL DIVISION
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SECTION 2
THEORETICAL DESCRIPTION

The location of the beacon is described by the beacon's selenographic
latitude, longitude, and altitude and the beacon's position vector relative

to the lunar center is given by
— ' —~
cos(latitude)cos(longitude)

= (%adius + altitudé) cos(latitude)sin(longitude) | (1-1)

Rselenographic Moon
sin(latitude)

e -

Unit vectors north(N), east(E), and down(D) at the beacon's location may
be constructed as functions of the selenographic latitude and longitude.
The uncertainty in the beacon's position is formulated as position deviations

from R along N, E and D.

selenographic

D (1-2)

A=¢e N+ € E+ €
n e d

The state vector for this program is taken to be

X=|e (1-3)

This state vector contrasts with the spacecraft position and velocity

state vector of six components encountered in the Mark II Error Propagation
Program (Reference 1) because a beacon is being observed rather than an
orbiting spacecraft. The beacon's state vector consists of three elements
which are constant in time so that the state transition matrix is an identity

matrix and the state covariance matrix does not change between observations.

PHILCO. WDL DIVISION
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The state covariance matrix,
T
P = E(XX"), : (1-4)

changes at each observation according to the equation

-1

- _ T, T )
Pafter Pbefore PbeforeH (P H + Q) HP (1-5)

before before
where H is the sensitivity of the measurements to state deviations and

where Q is the covariance matrix of the random errors in the measurements.
Reference 1, '"User's Manual for the Mark II Error Propagation Program",
contains a more completed description of the "filtering'" process in its
Section 2., The measurement partials, H, for the station measurements

(EBTLB has all of the station measurement capability of the Mark II program)
are found in Appendix A of Reference 1 with the provision that the spacecraft's
position, R, and velocity, V, are replaced by the beacon's position and

velocity relative to the center of the Earth.

R = REarth-to-Moon+ Tselenographic-t:o--EEDateRselenographic (1-6)

V * VMoon wrt Earth’ Tselenographic-to-EEDate(nM X Rselenographic) (1-7)

In equations (1-6) and (1-7), T ig the transformation

selenographic-to-EEDate
of coordinates from the selenographic system to the Earth's true equator
and equinox of date coordinate system and nM is the Moon's angular velocity

vector. R and V, are the Moon's position and

Earth-to-Moon Moon wrt Earth

velocity relative to the center of the Earth--obtained from the ephemeris
tape and rotated into true equator and equinox of date coordinates. It was
not known how to treat errors in the ephemeris of the Moon or in the trans-
formations to equator and equinox of date, so these are assumed to be

perfectly known in the EBTLB program.
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SECTION 3

USE OF THE EBTLB PROGRAM

This section describes the means for running the EBTLB program. The
specification of station measurement options is identical to that of the
Mark II or Patched Conic error propagation programs and is described fully
in Reference 1. Program decks have been delivered to Goddard Space Flight
Center for those subroutines unique to the EBTLB program. The remaining
required subroutines are to be found in the deck for the Patched Conic
error propagation program, delivered earlier to Goddard Space Flight Center.

A. Input

Input to the EBTLB program is of four types: 1) the case
header card, 2) floating point data for Common storage in
the C array, 3) the control times card, and 4) processing
options and changes. Input to EBTLB program is the same
as input to the Patched Conic Error Propagation Program
except for 2), floating point data for Common storage in
the C array.

1. Case Header Card

The first card of each case is the case header card.
This card reads in the ISW and BCD arrays according
to format (611, 11A6).

The ISW Array

Only ISW(l) is used by the program, and for only one
reason: ISW(l) is set 1 to stop the run. A one in
column # 1 of this card should never appear on a case

to be executed, This option is normally used on the
last data card in the deck, folloﬁing the last data card

in the last case executed.

31
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This card is printed out before the program stops, so
it might be as follows

/Col 1 /Col 7
1 NO MORE CASES

The BCD Array

Columns 7 through 72 are available for up to 11 words of
alphanumeric data describing the case. This data is

written out as the case header.

2. Floating Point Data Stored in the INPCOM Common C Array

All data of this type is read in according to format
4(13,E12.8). That is, from one to four sets of an
integer K and a number X to be stored as C(K) = X.

Each case requires data sufficient to define the starting
epoch, the lunar beacon, and the initial 3x3 P covariance

matrix.

The starting epoch is defined by

C(99) starting time from reference epoch, DH.MS

C(102) starting date YR ,MONTH.DAY

C(103) starting time of day HR ,MIN,SEC

C(101) maximum time interval of interest for this case,
DH.MS.

Selenographic coordinates of the lunar besacon to be tracked
are loaded into C(106-108)

C(106) latitude, degrees
C(107) longitude, degrees
C(108) altitude, meters

3-2
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The program will stop if 80< | c(107) | < 280.

The initial 3x3 covariance matrix is defined by the PI
array dimensioned 7 and loaded into C(112) through C(118).
PI(1l) has no significance, while PI(2-7) are eventually

loaded into the P matrix as folows

PI(2)~P(1,1)
PI(3)-P(2,2)
PI(4)~P(3,3)
PI(5)~P(1,2) and P(2,1)
P1(6)-P(1,3) and P(3,1)
PI1(7)—P(2,3) and P(3,2)

Thus PI(2-7) must define the initial covariance matrix of
the error in the estimate of the beacon location (north-

east-down) coordinates.

Note: Unlike the Patched Conic Program the prediction
and guidance options have no significance in the EBTLB

program.

All data read into the C array by the first case remains
in core for subsequent cases, until new data is specified.
Thus, if multiple cases are to be run on the same beacon,
with the same covariance matrix, only a single blank

card is required as input, A blank card signals the end
of floating point data to be stored in the INPCOM

Common array.

3., cControl Times Card

See (Reference 1).

3-3
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4, Processing Options and Changes

Method of inputting these two types of data is identical
to the Mark II Error Propagation Program and is described

in great detail in that program’s User's Manual under

"Specification of Error Source Input Data’.

Note: This program requires only station data, since
the equation of motion errors, vehicle onboard and
multiple beacon measurement options have no application
in the EBTLB Program.

B. Deck and Tape Setup

The running deck requires 9 binary decks unique to the EBTLB
program, 3 decks which also are used by the PINT portion of
the Mark II Program, and 21 additional routines in the form
of binary decks or 21 IBLDR cards with appropriate IEDIT cards
to read the Patched Conic Error Propagation Program's IEDIT
tape. (Care should be taken for the sake of efficiency, that
these IBLDR cards be arranged in order of subroutine appear-
ance on the tape.) No origin cards are required since linkage
is unnecessary. A planetary tape must be mounted on Logical
Unit 8 and of course the Patched Conic IEDIT tape must be
mounted if an IBLDR deck is used.

12 BINARY DECKS

MC13 Deck Name Routine Name
BM MAIN for EBTLB
IB /INPCOM/BLOCK DATA for EBTLB
KB BEAK
BB BLDPB
HB CHNGB
33 CONP33
3-4
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EH EHA*
EQ EQTOR™
NM NORMP
NP NUTATE*
BO OUTB
EB SBEVB

21 S$IBLDR CARDS
for mquired decks found on the Patched Conic IEDIT Tape

MF ADOT/DOT/FNORM
AT ARKTNS

9B BIBCD

MC : CROSS

ER ERROUT

MT MTRN/VIRT
SN SETN

™ TIME (PACKAGE)
1A LAYOVR

PI PUTIN

RL ROVLY

RY ROYAL

FM ANTR

SA STAT

CR CRITO

PB PARAB

QC QUARTC

SO SORDR

EL EVDEL

PG PCHNG

cs STATP

* Also included in Mark II: PINT

PHILCO. WDL DIVISION
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INPUT

[ soata

$IEDIT
1 $IBLIR CARDS

/ 12 BIMARY DECKS

$JOB

Figure 3-1 EBTIB PROGRAM DECK MAKEUP
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SECTION 4
OUTPUT FROM THE EBTLB PROGRAM

This section exhibits print-out from a run made with the EBTLB program
simulating the tracking of the Surveyor vehicle from three Earth-based

i

i

i

i

' stations, Goldstone, Johannesburg and Woomera.

. Figure 4-1 shows the information which is printed at the beginning
of each case. Much of this information is printed to provide case identi-
fication or to tell the user what he really told the program to do.

' Overlay input is seen first and consists of the information read into the
C-array by input cards for this case. The case header is next seen in a

l single line of output. 'Flight time, 300 days from the starting date,
which is seen to be 11:17 pm on June ‘1, 1966. The beacon's selenographic

' latitude, longitude and altitude are seen next, followed by the beacon's
Cartesian position (first three numbers), velocity (second three numbers)

. and acceleration relative to the Earth's center, expressed in km, km/sec and
km/sec2 respectively in the true equator and equinox of date coordinate
system. The next six rows of numbers headed "BEAK check, etc." is

' debugging print-out and of little interest to the user. The "P MATRIX
INPUT" printed out is the upper half of the (symmetric) state covariance

l matrix. It shows that the input variance of each component of beacon
location error in the north, east, down system is 10 lc:n2 and that the

' initial errors are assumed uncorrelated. The control times and station
measurements print-outs have been described fully in Referemnce 1 and

' will not, therefore, be described here. " The normalized P matrix is
printed out in coordinates of the beacon's local tangeni: plane system.
"Normalized' means that the off-diagonal elements are correlation

' coefficients and the diagonal elements are standard deviations (square
roots of the corresponding elements). The three columns of zeros follow-

l ing the normalized P-matrix are the initial correlations between the
beacon's location errors and the station biases in effect for this case.

l Reference 1 describes the code for identifying these biases. The standard
deviations of the blases considered forﬁ the last block of data in

' Figure 4-1.

4 -1
N
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Figure 442 shows the critical event schedule of statiom in-view
and out-of-view times. Since the beacon is at selenographic longitude

-43?32, it is never occulted from the Earth by the Moon.

Figure 4-3 shows a portion of the mormal print-out seen during
execution of the program followed by end conditions for the case. The
blocks occur at regular output times (Event 1) critical times of in-view
or out-of-view (Event 2) and at the end of the case(Event 7). The numbers
labelled X, Y, and Z are the beacon's position components (km) and XD, YD,
2D are the beacon's velocity components (km/sec) relative to the Earth's
center expressed in true equator and equinox of date coordinates. The
current upper left 3x3 portion of the covariance matrix is printed out
each time in north-east-down coordinates, showing the accuracy to which
the beacon's location is known, statistically speaking. Finally, the
normalized P-matrix and the correlation between beacon location and
station biases is printed. Standard deviations of the station biases are

seen to be unchanged for this case because these biases were considered

but not solved for in this case.

b4u2
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102

0.66060099€ 04 103 0,23170000F 04 -0 -0 -0 -0
) 106 ~0.24899%85 01 107 —-0043319999E 02 108 0. -0 -0.
«09999969E 02 114 0.09999999E 02 115 0.09999999F 02 -0 =0.

STARTING CONDITIAONS FOR CASE 1 ROOT,RA,0EC, FROM 3 STATIONS TRACK SURVEYOR NO RA-DEC BIAS
FLIGHT TIME 30000, 00000H«MS
REF, TIME 0. DH.MS
DATE 6606.01 FOATE 2317.0000
BEACGN CCORDINATES
SELENCGRAPHIC LATITUDE=
CARTESIAN{ EARTH CENTERED;
=0.21975911E 06 -0,28132527€ 06

-43,320000 DEG ALTITUDE= [*F MET

~0.54405137€ 00

=~24490000 OEG. LONGITUDE=

TRUE EARTH EE OATE

-0.12125044E 06
0.88226514E~-06

0.81879999E€ 00 -0,34011580€-00

0.16150171€-05

*eBEAK CHECK AP TRANSPOSEJ APD TRANSPOSEaw

0.22277000E-01
-0.11026112E-00
-0.99365288E 00
=0.47902949E-02
-0.99368248E 00
0.11015702€-00

0.20485006E-05

~0,37891604E-00
0.91881602E 0O
~011045185E~00
0.39917977€-01
-0.93485542E-01
-0.91794845€ 00

0.92516284E 00
0.37897T156E~-00
-0.21311243€~01
0. 16464426E-01
~0.61484833E~01
-0.37861373€E-Q0

P MATRIX INPUT
0.09999999€ 02 0. 0.
0.09968969E 02 0.
0.09998999€ 02

WEW CCNTROL TEMES AT 0 DAY O HRS O MIN 0,000 SEC

START 0 DAY 0 HRS O MEN 0.000 SEC
stap 7 CAY 0 HRS 0 MIN 0.000 SEC
QINTV 0 DAY 1 HRS 0 MIN 0.000 SEC
see EARTH-BASED TRACKING IN EFFECT mse e
NUMBER NAME LOCATION ’ OBSERVES
1 GOLOSN LATITUDE = 35.38950 DEG AT INTERVALS OF1800,00 SEC ) .
LONGITUDE = 243.15876 DEG WHEN ELBVATION TS ABOVE ~ 0. DEG
ALTITUDE =1037.53996 MET 8UT LEES THAN 90.00 0BG
MEASUREMENT ERROR SOURLCES RANDOM 8143
RANGE RATE (MET/SEC) 0.00010 0.0383
RIGHT ASCENSION (MR} 0.20000 0.
DECUINATION (MR} 6.20800 = 0. 7
STATION LATITUDE (MET-N) Q. 40,0000
STATION LONG. (MET=EAST) . [N 60.0000
STAYION ALYITUDE (MET-O) Ou 68,0080
2 JOBURG LATITUOE = -25.838735 DEG AT INTERVALS 051800,00 SEC
LONGTYWOE =  27.68478 DEC [T ; Al 0. 0EC
ALTITUDE w=1381.91997 MET BUT LESY MMAN 90.00 086
MEASUREWENT ERROR SOURCES ~ ~ RANDON — ~  ~ BIAS
RANGE RATE ¢MET/SEC) 0L00010 0.0183
RIGHT ASCENSION (MR] 020000 @ ..
DECLINATION (MR) 0,20000 0.
STATION LATITUDE (MET-NI) 0. 60,0000
STATION LONG. {NET-EAET) Qe 60,0000
STATION ALTITUDE (MET-D) Q. 60,0000
3 WONERA LATITUDE = ~-31.38287 DEG AT INTERVALS OF1000.00 SEC
LONGITUDE = 136,.88502 DEG WHEN ELBVATION IS ABOVE O, DEG
ALTITUDE = 150.79000 MET BUT LESS THAN 90.00 OEG
MEASUREMENT ERROR SOURCES RANDOM BIAS
RANGE RATE (MET/SEC} 0,00010 0.0183
RIGHT ASCENSION (MR) 0420000 Qs
DECLINATION (MRY 0.20000 0.
STATION LATITUDE (MET-N) 0. 60.0000
STATION LONG, (MET-EAST) 0. 69,0000
STATION ALTITUDE (NET-0) 0. 60,0000
THE CCVARIANCE MATRIX IS DIMENSIONED 3 X 15
NORMALIZED P MATRIX
N E )]
N 0.31622776E€ 01 0. 0.
E 0431622776€ 01 .
0 - 0.31622776€ 0}
102 0. 0. 0.
107 0. 0O 0.
108 Oe Qe Qe .
109 0s 0. 0.
202 0. 0. 0.
207 Oe 0, 0.
208 Oe O 0.
209 0. 0. 0.
302 O, 0, Q.
307 0. 0. 0.
308 . 0. Oe
309 0Oe 0. Qs
STD., DEV, OF UMSOLVED FOR PARANETERS
102 0.1830000E-04 107 0,86000000€-0) 108 0,.6000000E~0)
109 0.6000000E-01 202 0.1830000€-04 207 €.6000000E-01
208 0,4000000€-01 209 0.6000000£-01 302 ©.1630000E-04
307 0,6000000E~0) 308 O0.&000000€-01 309 0.6000CO0E-0L

Pigure 4-1
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6 DAY 20 HRS
EARTH CENTERED;
X 0e31445778E

6 DAY 21 HRS
EARTH CENTERED,
X 0.31465688E

& CAY 22 HRS
EARTH CENTERED{
X Ce21685277E

6_DAY 23 HRS
EARTH CENTERED¢
X 0s31902316E

T DAY 0O HRS
EARYH CENTERED/{
X 0.32116786E

T DAY 0 RS
EARTH CENTERED¢
X 0.32116786E

54 MIN 35.656 SEC
TRUE EEDATE

06

O MIN

Y -0421215461€ 06

I -0413211924E 06 XD

CURRENT 3X3 P COVARIANCE MATRIX, N-E-D

0,000 SEC

TRUE EEDATE

06

0 MIN

Y -0.21193073€ 0G6

G.C00 SEC

TRUE EEDATE

06

Q MIN

Y -0.20943662E 06

0.49757T870E 01
0.29760300E-00
-0.44307110E-00

0.49697568E 01
0.29508840€E-00
=0.44848394€-00

2 -0.13202471E 06 xD
CURRENT 3X3 P COVARIANCE MATRIX,

Z -0.13096981E 06 XD

0.29760300E~-00C
0.76687352E 01
-0.25015339€ 01

N~E-D
0.29508840E-00
0.76625963E 01

-0.25099698E 01

CURRENT 3X3 P COVARIANCE MATRIX, N-E-D

0.000 SEC

TRUE EEDATE

oL}

0 MIN

Y -0.20692591E 06

0.49549865E 01
0.29763664E~-00
—0.444999919€E-00

1 -0.12990449€E 06 XD

0.29763664E-00
0.76538727€ 01
-0.25174739€ 01

CURRENT 3X3 P COVARIANCE MATRIX, N-E-D

0.000 SEC

TRUE EEDATE

0é

0 M{iN

Y ~0.20439883€E 06 I -0.12882884E 06 XD

0.49402457E 01

0.29995548E-00

-0.451T0581E-00

0.29995548E~-00
0.764457T0E 0Ol
-0.25255504E 0Ol

CURRENT 3X3 P COVARIANCE MATRIX, N-E-D

0.000 SEC

TRUE EEDATE

13

Y ~0.,20439883E 06

0. 49255732E 01
0.30219045E-00
=0.45345569E-00

0.30219045€-00
0.76350813€ 01
-0.25337388€ Ol

END CONDITIONS

CURRENT 3X3 P COVARIANCE MATRIX, N-E-D

0.49255732€ Ol
0430219045E-00
-0.45345569E-00

0.30219045E-00
0.76350813E 01
~0.25337388E 01

NORMALIZED P MATRIX

0.61413720t 00

0.61350259E 00

0.60643441E 00

0.59832163€ 00

0.59216477E 00

-0.44307110€~00
-0.25015339€ 01
0.71615643E 01

~0.44848394E-00
~0.25099698E Q1
0.71490639E 01

-0+.44999919E-00
-0.25174739€ 01
0.71416384E 01

~0.45170581E-Q0
-0.25255504€ 01
0.71336%30E 01

~0.45345569€E-00
~0.25337388E 01
0.71256810€ 01

~0.45345569E-60
~0.253373868E 01
0.71256810€ O}

CASE

YD 0.69006101E

CASE

YD 0,69048171E

CASE

YD 0.69512009E

CASE .
YD 0.69970109E

CASE

YD 0.70422450€

CASE

1 -0.12882884E 06 XD 0.59216477E 0C YD 0.70422450E

N 3 o]
N 0.22193632E 01 0.49277142€E-01 -0.76540849E-01
E 0.27631650E 01 -0.34351194E-00
[ 0.26693971E 01
102 -0.16615553E-01 =0.34455940€E-01 ~0.40174420E~01
107 0.59081877E-01 ~0.35695450€-01 ~0.33131423€-01
108 ~0,42399301E-01 -0.16717776E-01 -0.23735490€-01
109 0.77416641E~01 =0.49214893€~01 ~0.46334092€E~-01
202 0.11452073E-02 ~0.32941376€-01 -0 27469236E-01
207 ~0.48062549€-01 0.51321223€-01 0.51824752E-01
208 ~0.78866208E-01 ~0,47843378E-01 -0.635646526€E-01
209 0.10934691E-00 =0.10792591E-00 -0.10803899E-00
302 ~0+13440865€-01 -0.50812350€-01 -0.62207388E-0)
307 -0.58185097€-01 0.61559046E-01 0.63369073E-01
308 ~0.85545794E-01 -0.51080373E-01 ~0.67418019€-01
309 0.10446733E-00 -0.,10259391E-00 ~0.104709309E-00
STD. DEV. OF UNSCOLVED FOR PARAMETERS
102 0.1830000E-04 107 0.6000000E-01 108 0.46000000E-01
108 0.6000000€~-01 202 0.1830000E-04 207 0.4000000E-01
208__ 0.6000000€-01 209 0.6000000E-0) 302  0.1830000E-04
307 0.6000000E-01 308 0.6000000£-01 309 0.6000000E-01

Figure 4-3

WDL-TR3007

1 REC. 165 EVENT 2

00 20 0.,29130871E-00

1 REC. 166 EVENT )

00 ID 0.29157175E-00

1 REC. 167 EVENT ]

00 ID 0.29447797E-00

A REC., 168 EVENT 1 ____ _ __ . __.
00 ID 0.29735939E-00

1 REC. 169 EVENT ]

00 20 0.30021585€E-00

1 REC. 169 EVENT 7 o

00 2D 0.,30021583€E-00



WDL~TR3007

APPENDIX A

BRIEF DESCRIPTIONS OF SUBROUTINES USED IN THE EBTLB

. PROGRAM

Subroutine » Deck
Name Description Name
ADOT Computes the angle between two given vectors. MF
ANTR Interpolates ephemeris information from tape. FM
ARKTNS Computes the arc tangent and assigns quadrant. AT
BEAK Computes such time dependent data as inertial KB
cartesian coordinates of a lunar beacon given epoch
and selenographic coordinates of the beacon.
l BIBCD Converts a binary integer to BCD. 9B
BLDPB Builds the expanded 3x3 P covariance matrix for the BB
' EBTLB program and outputs the error sources included.
BLOCK /INPCOM/ Loads data into INPCOM common block for use 1B
' DATA in the EBTLB program.
CHNGB Makes earth-based tracking station measurements of HB
' a lunar beacon and appropriately updates the expanded
3x3 P covariance matrix peculiar to the EBTLB program.
l CONP33 Converts a 6-vector to a symmetric 3x3 matrix and 33
outputs the results as the initial P covariance
l matrix.
' CRITO OQutputs station in-view, out-of-view critical events. CR
CROSS Computes the vector cross product. MC
*
' DOT Computes the vector dot product, (ADOT ). : MF
l * Refer to the bracketed subroutine for further description; e.g., DOT
is described in the ADOT subroutine writeup.
A-1
'PH ILCO. WDL DIVISION

+ nasnaae 0 Tl Kotorr Company,
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EHA Computes the Greenwich hour angle and the earth's EH

angular velocity.

EQTOR Computes the transformation from mean equator and EQ
equinox of 1950.0 to mean equator and equinox of date.

EVDEL Orders the critical events chronologically and EL
determines the advancing step size.

*
FNORM Computes the magnitude of a vector, (ADOT ). MF

l ERROUT Provides programmed response to anticipated errors. ER
' IAYOVR Reads station data cards and converts to proper 1A

units,
MAIN Executive driver for the ELTLB program. BM

MTRN Multiplies one or more 3x3 matrices by a given 3x3 MT

matrix.

MIRT Multiplies one or more 3x3 matrices by the transpose MT
*
of a given 3x3 matrix, (MIRN ).

NORMP Normalizesand outputs the expanded 3x3 P covariance NM
matrix, retaining the standard deviations on the

diagonal. .

equinox to earth's true equator and/or moon's true

equator, node.

OUTB Outputs time, state, and 3x3 covariance matrix of BO

beacon location uncertainties, N-E-D.
PARAB Fits a parabola through three points. PB

PCHNG Updates the expanded covariance matrix at an PG

observation.

' NUTATE Computes the transformation from earth's mean equator, NP

PHILCO. WDL DIVISION
+ msmer v Tomg Motor Company,



PUTIN
QUARTC

ROVLY

ROYAL

SBEVB

SETN

SORDR

STAT

STATP

TFRAC

TIMEC

TIMED

TIMES

PHILCO.
« nesenar « Tirt/Kptor Gomprany,

WDL~-TR3007
Reads in measurement error source keys. PI
Finds the solutions to the quadratic equation. QC
Reads program input into, INPCOM common storage RL
(C array).
Outputs input random,bias, and timing errors RY

associated with station error sources.

Computes a chromologically ordered array of a lunar
beacon in-view, out-of-view times for earth-based

tracking stations.
Sets read and write tape numbers.

Sorts an array X in ascending order while preserving

the correspondence between array X and array NX.

Computes cartesian coordinates of a point on the
surface of a body and the orthogonal transformation
relating cartesian to local tangent plane north-

east~-down.

Calculates the partials of earth-based tracking
station measurements with respect to the extended

state vector.
Updates time in whole and fractional days from epoch.

Converts calendar date and time to whole and

fractional days from January 1, 1950.

Converts time from (days, hours-minutes, seconds)

to seconds.

Converts time from seconds to alphanumeric days,

hours, minutes and seconds.

A-3

WDL DIVISION

EB

SN

SO

cs
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VNORM Normalizes a vector and also computes the magnitude, MF
*
(ADOT ).
VIRN Multiplies one or more 3-vectorsby a given 3x3 matrix, MT
%
(MIRN ).
VIRT Multiplies one or more 3-vectors by the transpose of  MT

a given 3x3 matrix, (HTRN*).

PHILCO. WDL DIVISION
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APPENDIX B

NEW SUBROUTINE WRITE-UPS

This appendix contains descriptions and Iistings of those subprograms
which are unique to the EBTLB program. Descriptions of the remaining

subroutines may be found in References 2 and 3.

PHILCO. WDL DIVISION
s vasen o S fptor Compony,,
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Subroutine: MAIN(EBTLB)
Purpose: Executive Driver to direct the logic flow of EBTLB,

earth based tracking of a lunar beacon.

Common storages used:

Subroutines required:

PHILCO.
2w o Slmg Mptor Gompany,

INPCOM/C(700) /WCOoM/IW(550) ,CW(1450)

BEAK, BLDPB ,CHNGB ,CONP33 ,EVDEL ,OUTB , NORMP , PUTIN,
ROVLY , SBEVB ,SORDR, TFRAC,TIMEC ,TIMED ,TIMES , / INPCOM/
BLOCK DATA(MC131B)

MAIN (EBTLB)-1

WDL DIVISION
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EBTLB PROGRAM

Discussion

The EBTLB program tracks a given lunar beacon. The beacon is restricted
in selenographic longitude to be between + 80 degrees. This restriction
avoids consideration of moon occultation due to lunar librations. (This

libration can cause a variation of + 7 degrees in the earth-moon vector).

The EBTLB program answers the question "How well can the location of
a lunar beacon be determined from earth-based tracking, assuming the position

of the moon relative to the earth and the required coordinate transformations

are known 17"

The P covariance matrix is expanded from a 3x3 covariance matrix of

the error in the estimate of the beacon's location on the moon (nmorth -

The EBTLB program was created by making modifications to the Patched
Conic Error Propagation program; consequently the basic logic flow is nearly
identical. The latter program is described in some detail, see MAIN(P.C.),
subroutine descriptionsfor the Mark II Error Propagation Program. Major

differences between the two programs are:

1. The vehicle trajectory subroutine PCON was replaced by
subroutine BEAK which computes cartesian coordinates of

the lunar beacon.

2. The state vector XIN is cartesian coordinates of a lunar beacon
earth true equator and equinox of date rather than of a vehicle,

mean equator and equinox of 1950.0.
MAIN (EBTLB)-2

' east - down).

lll:’Fill.(:(:l
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P is expanded from a 3 x 3 covariance matrix of the error

in the estimate of the beacon's location on the moon (north-

east - down), rather than from a 6 x 6 of the error in the
estimate of the vehicle state, (EE30).

Propagation of the P matrix in time is not required, thus
eliminating the need for subroutine PUPT and other related
logic in the EBTLB Program.

Vehicle onboard and multiple beacon measurements as well as
prediction and guidance options have no application in this

program.

In any given case, changes in the treatment of error
sources results in a reinitialization of the P matrix,
Unlike the Patched Conic Program, the EBTLB is incapable
of "Shuffling" the P matrix.

MAIN (EBTLB)-3
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Subroutine: BEAK WDL-TR3007

Purpose: Given the epoch and selenographic coordinates of a lunar

beacon, BEAK computes inertial cartesian coordinates of
the beacon and other time dependent data required by the

*
l EBTLE program.

Calling Sequence: CALL BEAK(TW,TF,B ,XB ,GHAR ,GM ,AP ,APD)
Input and Output

Symbolic Data
1/9 | Name or Dii::gi::s S::;tl Dimensions Definition

Location or Units
I ™ Days Date, whole days from 1950.0. |
I TF Days Date and time, fractional days

from 1950.0. :

1 B 3 ‘ Selenographic coordinates of
lunar beacon

Radians B(1l) = latitude

Radians B(2) = longitude
Km B(3) = altitude

¢ XB 9 Earth centered cartesian coor-
dinates of B, true earth
equator-equinox of date TW, TF.
Km X

Km/Sec X
Kn/Sec2 X
¢ GHAR Radians Greenwich hour angle at TW, TF
epoch. (Right ascension of the

' greenwich meridian measured

from true equinox of epoch).

¢ dMeM w' Rad/Sec Moon's rotation rate.

[ AP 3,3 Kms A These matrices are required
by subroutine CHNGB to com-
¢ APD 3,3 Kms ) pute the measurement
partials for the EBTLB
program.

Common Storages required: /INPC#M/C(700) 4
Subroutines required: ANTR ,CR@SS ,D@T ,EHA,, EQTHR ,MTRN, NUTATE ,STAT

* EBTLB: Earth-based tracking of a lunir beacon.

BEAK-1-
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WDL DIVISION

' WDL-TR3007
PROGRAM

l NAME DIMENSION DESCRIPTION

' 1
A 3,3 Transformation matrix, mean EE50 (earth equator,

l equinox of 1950.0) to mean EEdate.

AN 3,3 Transformation matrix, mean EE50 to true EEdate

| = (TN) (a).

' AP 3,3 Matrix required for computation of measurement
partials.

' = (TRF) (BS).

APD 3,3 Matrix required for computation of measurement

' partials
= (TRF(I,3)) X(AP).

BRAD 2 (1) equatorial radius of moon,

l (2) polar radius of moon.

' BS 3,3 Orthogonal transformation relating cartesian
quantities DI?M to moon beacon's local tangent
plane quantities North, East, and Down.

I - -

S T |

. =l M E D

' l N3 E3 Dy

-

. D 3,3 Matrix transformation, moon true equator node to
selenographic A

' | cosRA sinRA O
= | -sinRA cos RA 0_

' 0 0 1.

BEAK-2
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WDL-TR3007

3,3

3,3

3,3

Matrix transformation, mean EEdate to selenographic.
= (D) ().

Cartesian selenographic coordinates of beacon.
DUM(1-3) =R -

DUM(4-6) = R = @MG X R

DUM(7-9) = K = dMG X R

Moon rotation vector, (0, O, dMGM).
Argument of moon's prime meridian, measured in
moon equator from ascending node of moon equator

on ecliptic, (radians).

Moon centered coordinates of beacon, true EEdate

= (TRF) (DUM)

Earth centered coordinates of moon, EES0.
RM(7-9) = VDUM.

Days from 1950.0
= TW + TF.

Transformation matrix, mean EEdate to true moon

equator » node.

Transformation matrix, mean EEdate to true EEdate.

i
i
. DTM
| -
I
. MG
1 |
i
| RB
|
i
|
. RM
. TIME
i

™
|
| "
' ;
'P HILCO.

2 wavesr o Tt Mptor Company.,
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WDL-TR3007

TRF 3,3 Transformation matrix, selenographic to true
EEdate

T
= (TN) (DT™) .

VDUM 3 Equivalent to RM(7-9), mean EE50

- -t -t

R R
sM + 8E

-t
uElths u‘ ‘R8§d3 ‘RUE'3

where Ru = position of Moon wrt Earth

RaE = pogition of ERarth wrt Sun

Rsu = position of Moon wrt Sun
XB 9 Position, velocity, and acceleration coordinates

of beacon with respect to earth, true EEdate

i
i
I
i
i
i
I
i
i
| = (AN) (RM) + RB
i
|
I
i
i
|
i
I

BEAK-4
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WDL~TR3007

Subroutine: BLOCK DATA/INPCOM/

To supply data to the program concerned with earth-
based tracking of a lunar beacon, EBTLB. This Block
Data routine is similar to that for the Patched Conic
Program; Table 1 describes the pertinent exceptions.

Purpose:

Common storages used: /INPCOM/C(700)

EBTLB/INPCOM/-1

' Subroutines required: None

PHILCO. WDL DIVISION
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WDL-TR3007
TABLE 1
COMPILED .
LOCATION NAME VALUE DEFINITION
10 CON(10) 3600. ~ Step size for subroutine SBEVB,
' seconds.
106-108 BECDM Selenographic location of the
lunar beacon

106 BECDM(1) 45, Latitude, degrees

107 (2) -30. Longitude, degrees

108 3) 100. Altitude,meters.

112 PI Data required to define initial

3x3 P covariance matrix, local

beacon N-E-D coordinates.

114 PI(3) 100. P(2,2)
115 PI(4) 100. P(3,3)
116 PI(5) 0. P(1,2) = P(2,1)
117 PI(6) 0. P(1,3) =P(3,1)

118 PI(7) 0. P(2,3) = P(3,2).

EBTLB/INPCOM/-2

' 112 PI(2) 100. P(1,1)
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WDL-TR3007
Subroutine: BLDPB
*
Purpose: To build the P covariance matrix for the EBTLB program

from the input 3 x 3 and other error sources, to compute
and store logic necessary to updating this matrix out-

side BLDPB, and to write out the error sources included.

BLDPB is an extraction of subroutine BLDP. The EBTLB
program has no need for onboard measurements or extensive
multi-beacon logic, thus BLDPB excludes it also. Also,
BLDPB always initializes the extended covariance matrix;

it does not contain BLDP's ability to shuffle consideration

of error sources.

Calling Sequence: CALL BLDPB

Common storages used: INPCOM/C (700)/WCOM/IW(550) ,6W(1450)

Subroutines required: ROYAL

* EBTLB: Earth-based tracking of a lunar beacon.

BLDPB-1
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Subroutine: CHNGB
Purpose: To make station observations of a lunar beacon and

appropriately update the P covariance matrix. CHNGB is
subroutine CHNG modified to compute partials of measure-
ments with r espect to beacon location errors (rather
than vehicle state)for the EBTLB* program.

Calling Sequence: CALL CHNGB(X,GHA ,NRW1,NCOL,P,SECR,OMGM,AP ,APD)

Input and Qutput

olic Data
{I/¢ |Name or Program Math Dimensions Definition

Location Dimensions|. Symbol or Units

I X 9 XB Km ; Sec |Position, velocity, accele-
ration of beacon with res-
pect to Earth, true EEdate.

Radians | Greenwich hour angle.

|1 NRW1 Number of rows of P.

I NCOL Number of columns of P.

1/86 | P NRW1,NCOL P covariance matrix.

1/@ | SECR 12 Seconds | Array of next time to make
an observation for each
station. If an observation
is made in CHNGB at SECR(II),
SECR(II) is set to the next
time to observe from stationy

ISC(II).

I OoMGM [w] ; Rotation rate of the moon.

as Partial of range vector with
BAB respect to beacon location
errors N,E,D.

|
1 23S i-—l—‘ . partial of range rate
fw) .SKB o] vector with respect to|

beacon location error

N,E,D.
Common storages used: /INPCOM/C(700)/wcoM/IW(550),CW(1450)
Subroutinesrequired: STATP ,VIRT ,PCHNG

*EBTLB: Earth-based tracking of a lunar beacon.
CHNGB-1
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Discussion:

Given X(1-6), coordinates of the lunar beacon with respect to the
Earth, True EEdate, and X(7-9) or VDOT, subroutine STATP computes H measure-
ment partials as required. These partials are in the form required by the
EBTLIB program with two exceptiéns: STATP computes H(1-3) -~%E, and for

rate measurements

H(1-3) = g% and H(4-7) = - . CHNGB utilizes these H partials to

M
M 3 M
to compute those required by EBTLB, HH(l-J)*=—— or ——-
BAB RAB

Derivation of HH(1-3)

Let M represent the measurement,

AB represent the beacon location errors, n, e, d,
S represent the range vector

=X, - RT + (TRF) (RB)

S represent the range rate vector.

-im-oxkr + (TRF) (w X RB)

where RT is inertial position of tracking statiom,true EEdate.
Xm are earth-centereﬁ moon coordinates, true BEdate
Q earth rotation vector (0, 0, {Q )
@ moon rotation vector (0, 0, |w|)
RB, selenographic coordinates of lunar beacon

TRF, transformation matrix, selenographic to true EEdate.

HH(1-3) = 3%5 or<s%§ is the measurement partial required by subroutine

PCHNG to update the expanded 3x3 P covariance matrix for the EBTLB program.

CHNGB-2
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STATP provides H(1-3) = —;;% = %

or, in the case of rate measurements

H(l-3) = 3 -

H(4-6) = %‘ - X

Subroutine BEAK provides the CHNGB call list with AP and APD

AP = 35 = TRF:(N,E,D)
BAB

|w| (app) = -a-}s; = TRF(ux) (N,E,D)

= (TRF0)X(TRF+(N,E,D))

But o = (0, O'w]),
80 (TRFp) = | w | (column 3 of TRF).

thus, -g-f— =l (mr(1,3> AP = | w | (APD)
°B

Consequently 3&_ - T
S = @ap) ()

and M T T
. SA.B = (AP) (31_3) +lwl (APD) (H4-6)

WDL-TR3007
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Subroutine: CONP33
. Purpose: To convert a 6-vector to a symmetric 3 x 3 and output
the result so as to describe the initial P covariance
' matrix.
Calling Sequence:
' CALL CONP33 (PI, PD)
. Input and Output
. Symbolic Data
1/¢ |Name or Di:::zﬁz‘:s SMy:tigl Dimensions Definition
Location or Units
' I PI 7 Input 6-vector PI(2) - PI(7)
PI(1l) is ignored.
' () PD 3,3 Output 3x3 matrix such that
PD(1,1) = PI(2)
. PD(2,2) = PI1(3)
PD(3,3) = PI(4)
PD(1,2) = PD(2,1) = PI(5)
. PD(1,3) = PD(3,1) = PI(6)
PD(2,3) = PD(3,2) = PI(7)
' Common storages used: None
' Subroutines required: None
l CONP33-1
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Subroutine: NORMP
Purpose: To output the normalized P covariance matrix. NORMP

is similar to LOUT with two exceptions: 1. the basic

P matrix is a 3 by 3 rather than a 6 by 6, as required
by the EBTLB" program, and 2. the diagonal terms contain
the standard deviations rather than 1.0. .

Calling Sequence: CALL NORMP(P, MR, NC, KPP)

Input and Output

Data

1/6 zzzzoi:c Di:::EI::Q s::;gl Dimensions Definition
Location or Units

I P NR, NC Covariance matrix.

I NR Numbét of rows of P.

I NC Number of columns of P.

) KPP KPP = -1, normal

KPP = 1, negative element on
diagonal of P
matrix.

KPP = 2 , off diagonal of
normalized P
greater than 1.

Common storages used: /WCOM/IW(550),CW(1450)

Subroutines required: None

*
EBTLB stands for Earth-based tracking of a lunar beacon.

NORMP- 1
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WDL-TR3007
Subroutine: OUTB
Purpose: To write the output required during execution of the

EBTLB program. Output includes earth centered cartesian
coordinates of the Lunar beacon, true equator-equinox

of date, the 3 x 3 P covariance matrix of beacon location
uncertainties N-E-D, and the square roots of the

diagonal elements of solved for parameters. This output
is at regular output points and other critical event

times.

Calling Sequence: CALL OUTB(P,NR,NC)

Input and Qutput

Symbolic Data ,
1/@ | Name or D if:::giz:s S}yi:;l;l Dimensions Definition
Location or Units
1 P NR,NC Covariance matrix.
' I NR Number of rows of P.
. 1 NC Number of columns of P.
' Common storages used: INPCE@M/C(700) /WCdM/1wW(550) ,CW(1450)
Subroutines required: TIMES
ll OUTB-1
.PHILCO. WDL DIVISION
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Subroutine: SBEVB WDL~TR3007

i

I

' Purpose: SBEVB creates a chronologically ordered array of those times
when the lunar beacon comes into view and goes out of view of
earth-based tracking stations., This subroutine is speci-

' fically designed for the EBTLB* program, It is similar
to SBEV with these exceptions: SBEVB considers occulting

l by earth only, is concerned with earth-based tracking
stations only, and looks for one lunar beacon thereby

. requiring subroutine BEAK rather than the trajectory
subroutine PCON.

. Calling Sequence: CALL SBEVB(TI,TIM,ISS,SECR,ISEE,ISTIM,STIME,MB)

}

|

|

i

I

Input and Output

Symbolic Program | Math Data

Dimensions |Symbol Dimensions Definition

or Units

1/¢ | Name or
Location

I T1 2 Days Date in whole and fractional days
from 1950.0.

I TIM 2 Seconds {Minimum and maximum times (from
epoch) of interest defining in-
terval of investigation.

1 ISS 12 Numbers of stations or beacons to
be considered. 1ISS(J) = O ter-
minates list of numbers.

¢ SECR 12 Seconds |Time (from epoch) to make obser-
vations for stations given in
corresponding 1SS.

¢ ISEE 12 In view indicator for station
given in corresponding ISS. Set
-1 out of view, 0 in view.

¢ ISTIM 50 Event indicator, in conjunction
with STIME times.

+, station into view

-1, station out of view

) STIME 50 Seconds |Ordered array of times (from epoch)
at which ISTIM critical eventsoccur.

' ¢ MB KKK = total number of critical

events times STIME computed.

Common storages used: INPCOM/C(700)/WCOM/IW(550),CW(1450)
Subroutines required: BEAK,CRITO,PARAB ,QUARTC ,SORDR ,STAT ,TFRAC ,VTRN,VIRT

* EBTLB: Earth-based tracking of a lunar beacon.
SBEVB-~1

PHILCO. | WDL DIVISION
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. WDL-TR3007
. COMMON
e ‘ PROGRAM
l HEAD TION NAME DIMENSION DESCRIPTION
Reciprocal seconds per mean
INeCoM | C(7) RSPMSD solar day = 1/86400.
' c(10) DELTX SBEVB step size in seconds
(set to 3600. or 1 hour by
. Block Data).
c(1l) BODC(I,J) 10,8 J-E-h body constant for body
to number I. (Refer to BLOCK
. DATA/INPCOM/ description).
€(90)
' Cc(200)
to S(1,J) 23,12 I data item for station
' C(475) number J.
WCOoM cw(l)
. to BECRK 3 Selenographic coordinates of
the lunar beacon; latitude and
cwW(3) longitude in radians, altitude
' in Km.
' SBEVB-2
l PHILCO.
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